Marine durability of 30-year-old concrete specimens made with ordinary portland cement (OPC), high early strength portland cement (HES), moderate heat portland cement (MH), slag cement of type B (SCB), and alumina cement (AL) was investigated. Other parameters include sulfate content in cement, mixing water, and different exposure zones. Compressive strength, chloride ingress, corrosion of steel bars in concrete, microstructure, mineralogy of concrete, and steel-matrix and aggregate-matrix interfaces were investigated. Chloride ingress in concrete was sequenced as OPC, HES, MH>SCB>AL. However, for AL mixed with tap water, corrosion on steel bars in concrete was higher. For SCB and AL, the pore volume at the outer region of the specimens is reduced due to the ingress of chloride and other ions from seawater.
Introduction
Making long-term durable concrete structures in a marine environment is a common concern to concrete professionals. Generally, marine structures are damaged by the chloride-induced corrosion of steel bars in concrete. Also, deterioration of microstructures of concrete due to the reaction of hydration products of cement and seawater, mainly dissolved CO 2 in seawater and magnesium salts, such as MgCl 2 and MgSO 4 can also be found in the literature (Mehta 1991) . The speed of degradation depends on the type of cement, water-to-cement ratio, and the like. In order to judge the long-term performance of different cements, the authors investigated concrete specimens made 15 to 30 years ago with different cements.
The results of 15-year-old tidal concrete specimens made with ordinary portland cement, slag cements of Type A, B and C, and fly ash cement of Type B are reported separately (Mohammed et al. 2002a) . It was found that the choice of cement has a significant influence on the long-term durability of concrete in a marine environment, especially from the viewpoint of chloride ingress and corrosion of steel bars in concrete. As an extended study, the authors recently investigated the concrete specimens exposed to a marine environment for 30 years. In this series, the cement types were ordinary portland cement (OPC), high early strength portland cement (HES), moderate heat portland cement (MH), slag cement of Type B (SCB), and alumina cement (AL). Mixing water was seawater and tap water. Additional sulfate was added with cement in some cases. Exposure conditions were submerged and tidal.
The compressive strength of concrete, water and acid soluble chloride concentrations in concrete, electrochemical and physical evaluation of corrosion of steel bars in concrete, microstructure and mineralogy of concrete, aggregate-matrix and steel-matrix interfaces in concrete were investigated. The investigations on the same series of specimens was also carried out at 1 year, 5 years, 10 years, and 20 years of exposure. These data are summarized by Fukute and Hamada (1993) and will not be covered here.
Based on the results of this study, it was found that choice of cement type has a significant influence on the chloride diffusion as well as corrosion of steel bars in concrete. The results of these long-term exposure tests can also be compared with the short-term laboratory investigations.
Scope and sequence of investigations
Cylinder specimens of diameter 150 mm and height 300 mm were investigated. The specimens were made with ordinary portland cement (OPC), high early strength portland cement (HES), moderate heat portland cement (MH), slag cement of Type B (SCB), and alumina cement (AL). Mixing water was tap water and seawater. Sulfate content was varied as normal sulfate content and double that of the normal sulfate content. Exposure type was submerged and tidal. Using these variables, reinforced concrete specimens of nineteen cases were investigated. The specimens were exposed in a tidal pool after curing and continued until this investigation, i.e., the age of 30 years. The sequence of investigations is shown in Fig.1. 
Experimental procedure

Materials and mixture proportions
Ordinary portland cement (OPC), high early strength portland cement (HES), moderate heat portland cement (MH), slag cement of type B (SCB), and alumina cement (AL) were investigated. Additional gypsum was added with OPC and SCB only. The compositions of the cements are listed in Table 1 . OPC-0 means OPC with normal sulfate content and OPC-2 means OPC with a sulfate content double that of the normal content. Crushed river gravel and river sand were used as coarse and fine aggregates, respectively. The maximum size of the aggregate was 25 mm. Japanese Industrial Standard (JIS) round steel bar of diameter 9 mm specified in JIS G3112 was used. The black cover (mill scale) on the steel bars was removed before the bars were embedded in concrete.
The mixture proportions of concrete are listed in Table 2 . Cement content in all mixtures was fixed at 290 kg/m3. OPC-0-T means the case made with OPC with normal sulfate content and with mixing water as tap water. OPC-2-S means the case made with OPC with a sulfate content double that of the normal content and with mixing water as seawater.
Plan and layout of the specimens, exposure conditions
The plan of the specimens is shown in Table 3 . Nineteen cases were investigated: fourteen cases from submerged exposure and five cases from tidal exposure. In the case of submerged exposure, two specimens per case were investigated. However, in the case of tidal exposure, only one specimen per case was investigated. Layout of the specimens is shown in Fig. 2 (mm)  25  25  25  25  25  25  25  25  25  25  25  25  25  25  Slump (mm)  66  56  64  51  37  57  65  46  35  40  42  47  63 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 AE(mL/m 3 ) - -Not measured.
W, C, G, S (or s), and a mean water, cement, gravel, sand and aggregate (coarse and fine) respectively. AE and AEWR mean air-entraining, and air-entraining water-reducing admixtures, respectively. '0" for normal sulfate content, and '2" for sulfate content double than the normal. T means tap water and S means seawater.
forced cylindrical specimens of diameter 150 mm and length 300 mm were fabricated. In each reinforced specimen, three round steel bars of diameter 9 mm and length 180 mm were embedded at cover depths of 20, 40 and 70 mm. After casting, the specimens were kept in a room of constant temperature and humidity. After one day, the molds were removed, and moved into a standard curing water tank (temp. 21°C). In the case of HES, the specimens were cured for three days. For other cases they were cured for six days. In the case of AL mixed with seawater, the molds were removed after four days. In the case of AL mixed with tap water, the molds were removed after one day. All specimens were moved to the exposure site after curing. Plain concrete specimens were tested for the evaluation of compressive strength at 28 days for OPC, MH, and SCB. For AL mixed with tap water and seawater cases, the specimens were tested at 1 day and 4 days, respectively. For HES, the specimens were tested at 7 days. The remaining specimens were exposed under the submerged and tidal exposures accordingly until the age of 30 years. Some specimens were tested at 1 year, 5 years, 10 years, and 20 years of exposure and reported separately by Fukute and Hamada (1993) . The variation of the water level and the location of the specimens in the tidal pool are shown in Fig.3 . The specimens were located about 0.6 m below the low water level in the case of the submerged zone. The tidal specimens were subjected to five hours of wetting and seven hours of air-drying cycles. Seawater was automatically pumped into the pool directly from the sea and drained out to the sea from the pool at a regular interval. The pool was located at about latitude 35°N and longitude 138°E. The average temperature of the seawater is about 24°C in summer and about 8°C in winter. The physical properties and chemical compositions of seawater are listed in Table 4 .
Measurements and evaluations
(1) Before exposure Compressive strength of concrete was measured as per JIS A1108. For OPC, SCB, and MH 28-day strength was measured. For AL mixed with tap water, 1-day strength was measured. For AL mixed with seawater 4-day strength was measured, and for HES 7-day strength was measured.
(2) After 30 years of exposure The specimens were transferred from the exposure sites to the laboratory and cleaned with seawater. The laboratory was furnished with a fresh seawater supply directly from the sea. No plain concrete specimens were available after 30 years of exposure. Therefore, 6-cm cubes were cut from the selected specimens after electrochemical investigation for quantitative evaluation of compressive strength and to compare the compressive strength of the specimens made with different cements.
Electric wires were initially connected to the steel bars, however they had become damaged after 30 years of exposure. To carry out electrochemical investigations, a length of 7 cm was cut from the top of the cylinder specimens. Electric wires were connected to the steel bars embedded at the different cover depths. The connections between wire and steel bar and the surrounding areas were covered with epoxy resin. Half-cell potential was measured by a Ag/AgCl half-cell. Based on the half-cell potential, the possibilities of corrosion were evaluated as per ASTM C 876 (1991) . Polarization resistance and concrete resistance were measured by the AC impedence technique. For this, the low frequency was set at 0.2 Hz and maximum frequency at 10 Hz. Measurements were carried out keeping the specimens submerged in seawater with a stainless steel counter electrode around the specimens. Micro-cell corrosion current was estimated based on the polarization resistance data as below (Fontana 1983 ):
(1) (2) 
Case
Number of the Specimens Submerged Tidal All investigations were carried out very carefully due to the less number of the available specimens.
Where, I mic is the micro-cell current density in mA/cm 2 , the value of constant B depends on the slopes of the anodic (ba) and cathodic (bc) polarization curves. Assuming, ba and bc as 120 mV/decade, the value of B can be estimated at 0.026 V (Fontana 1983) . R p is the polarization resistance in ohm.cm 2 . The extents of corrosion based on the micro-cell current density were evaluated as negligible, low, moderate and high for current density of <0.1, 0.1-0.5, 0.5-1.0 and >1 mA/cm 2 , respectively (Andrade and Alonso 2000) .
After these measurements, the anodic polarization curves of the steel bars embedded in the cylinder specimens were also measured. For this, the potential of the steel bars was shifted from its natural potential to a positive value of 1 V with a scan speed of 1 mV/sec by a potentiostat. If the anodic curve is near the potential axis then it is said to have a better degree of passivity compared to the one relatively far from the potential axis. The passivity grades are defined as 0, 1, 2, 3, 4, and 5. Lower grade of passivity means higher corrosion activity (Otsuki et al. 1992) .
The limiting cathodic current density on the steel bars at a cover depth of 40 mm was measured. The limiting cathodic current density can be transferred to the oxygen flux by using the following equation (Nagataki et al. 1996) : (3) Where, dQ/dt is the oxygen flux in mole/cm 2 /sec (on steel surface), I lim is the limiting cathodic current density i n A / c m 2 , F i s F a r a d a y 's c o n s ta n t ( 9 6 5 0 0 coulombs/mole) and n is 4. The limiting cathodic current density was measured by a potentiostat. The potential difference between the titanium mesh anode and steel element was kept constant at 860 mV during this measurement.
After electrochemical measurements, concrete samples were collected from the different depths for water and acid soluble chloride measurements as explained later. Mapping of chloride, sulfate, and magnesium oxide in the range from the surface region to the center was also made on the polished cross-section surface of the specimen by EPMA. SEM investigation on the fractured surface of the specimens was also carried out to check the microstructure of the hydration products at the dense matrix and porous matrix regions. Deposits in the pores were also checked by SEM. In addition, steelmatrix and aggregate-matrix interfaces were also investigated by SEM. SEM investigations were carried out at 5~15 and 35~45 mm from the surface of the specimens. Steel-matrix interfaces were checked on the steel bars located at 40 mm cover concrete. In addition, mineralogy of the powdered mortar portions at depths 5~15 and 35~45 mm were examined by XRD. The detailed method of sampling and examination for porosity, SEM, EPMA, and XRD can be obtained in other reports of Mohammed et al. (2002b Mohammed et al. ( , 2002c .
Carbonation depth of the specimens was evaluated by spraying 1% phenolphthalein solution on freshly cut or broken surfaces.
Water and acid soluble chloride concentrations of cylinder specimens were measured at depths of 0~5, 8~18, 21~31, 34~44, 47~57, and 60~90 mm after electrochemical measurements. For this, a disc of thickness 40 mm was cut around the middle of the reinforced concrete specimens. A strip of 20-mm was again cut from the middle of the 40-mm-thick-concrete-disc and finally concrete samples were taken according to the depth as mentioned earlier. The samples were milled and water and acid soluble chloride concentrations were measured as per JCI SC4. Based on the water soluble chloride concentration, the possibilities of corrosion are evaluated as negligible, possible, probable and certain as listed in Table 5 (Brown 1980) . Electrochemical investigation and measurement of chloride ingress in concrete was carried out for all of the specimens. Microstructure, mineralogy, EPMA, and porosity investigations were carried out for the selected cases.
Experimental results and discussion
Carbonation depth
The maximum carbonation depth was 5 mm for OPC, HES, and MH cements. However, it was around 2 mm for SCB and almost negligible for AL. As the smallest cover depth was 20 mm, therefore, the specimens were subjected to chloride-induced corrosion only. Table 6 Compressive strength at the early age and after 30 years of exposure.
Note: * 7 day strength, ** 1-day strength, *** 4-day strength, **** Submerged exposure
Compressive strength
Compressive strengths of concrete at the age of 28 days or earlier are listed in Table 6 . Use of seawater gives higher earlier strength irrespective of cement type, except for AL. The strength variation of concrete at 1 year, 5 years, 10 years, and 20 years of exposure was explained separately by Fukute and Hamada (1993) . These data are not repeated here. It was found that irrespective of the cement type, the strength of concrete increases until the age of five years and then decreases gradually and becomes the same as or slightly lower than 28-day strength after 20 years of exposure. After 20 years of exposure, the AL-0-S showed the highest compressive strength compared to the other cases (Fukute and Hamada 1993) . The compressive strength of concrete for AL-0-S was 20% higher than AL-0-T after 20 years of exposure. It indicated that alumina cement (AL) mixed with seawater shows the better performance against long-term strength development. Addition of more sulfate causes a slight reduction in strength development at the early age. Also, the strength of concrete after 20 years of exposure was found to be a little lower for the case mixed with more sulfate compared to the cases with normal sulfate content.
No plain specimens were available for the evaluation of compressive strength after 30 years of exposure, therefore 6 cm cubes were cut from the reinforced specimens and their compressive strength was evaluated. This investigation was carried out on the selected cases with parameters of tap water, normal sulfate content, and submerged exposure. The results are listed in Table  6 . No attempt was made for equivalent compressive strength evaluation to compare with the strength measured earlier. Relatively lower compressive strength is observed for AL. It is explained due to the increase in pore volume of the specimens made with AL, especially at the inner region of the specimens. These data are explained later. The porous microstructure at the inner region is confirmed due to the change in hydration phase from CAH10 to C 3 AH 6 for alumina cement mixed with tap water. For the case mixed with seawater, this conversion was not found. This change in the hydration phase releases a significant amount of water, thereby leaving free space. This phenomenon is well described by Taylor (1997) . Further information on this matter is provided later.
It is also worth noting that no significant deterioration of the hydrated matrix was found based on the SEM investigation irrespective of the cases. Also, the penetration of sulfate and magnesium ions was limited over a thin surface region of the specimen, especially for SCB and AL. The results indicated that under normal seawater exposure, the microstructure of concrete remains sound after a long-term of exposure.
Another investigation to compare the compressive strength between 28-day and 15-year exposure was carried out and reported by Mohammed et al. (2002a) . It was found that compared to the 28-day strength, a gain in strength was observed for ordinary portland cement, and slag cements of Type A, B and C. The gain in strength is clearly understood due to the improvement of the microstructure of concrete with the ingress of chloride as well as other ions in seawater. Information on the development of the microstructure of concrete after 30 years of exposure is explained later. Similar improvement was also observed by Mohammed et al. (2002a) .
Chloride ingress
Water soluble chloride profiles in concrete are shown in Fig.4 for the cases mixed with tap water. Chloride ingress pattern for OPC, HES and MH is almost similar. For SCB, the chloride ingress is lower than OPC, HES, and MH. For AL, chloride ingress was the lowest. For OPC, HES, and MH, and also SCB the chloride concentration at the surface region was lower than at the inner region. For SCB, the peak chloride concentration is observed at some distance from the surface region of the specimen. For AL, the peak chloride concentration is observed at the surface region and it gradually decreases toward the inner region of the specimen. For the cases made with more sulfate content, relatively lower chloride ingress is found. Based on the investigation of microstructure, it was observed that for SCB and AL the outer region of the specimens became denser after 30 years of exposure. No significant improvement is observed for OPC, HES, and MH. The inherently denser microstructure of SCB and AL appears to block the chlorides at the outer region. It improves the microstructure of concrete further. These data are explained later.
The water soluble chloride concentration for the cases mixed with seawater is shown in Fig.5 . The results can be discussed as for the tap water mixed concrete.
Chloride profiles for the cases mixed with tap water and seawater are shown in Fig.6 for OPC, SCB, and AL. No significant difference in chloride profiles is found after 30 years of exposure between seawater-and tap water-mixed concrete.
Acid soluble chloride concentrations are shown in Figs.7 and 8 . Nearly the same trend of results is observed as in water soluble chloride profiles. The acid soluble chloride concentration was higher than the water soluble chloride concentrations. In the case of AL, the chloride binding ability (difference between acid and water soluble chloride concentrations) was higher than for the others. Incorporating also the data of several other long-term investigations, the chloride binding ability of different cements was summarized separately (not yet published). The summary of the results is given below:
Where, C t is the total chloride content (acid soluble chloride content) in concrete and C f is the free chloride content (water soluble chloride content) in concrete. Subtracting the amount of free chloride from both sides of the above-mentioned equations, the amount of bound chloride (C t -C f ) can be calculated. The amounts of bound chloride are 0.16, 0.14, 0.13, 0.11, and 0.48 times of free chloride (C f ) for OPC, HES, MH, SCB, and AL, respectively. A significant amount of chloride binding is observed for AL. Least chloride binding ability is observed for SCB among the investigated cements reported here. Replacement of the portland cement with slag reduces the C 3 A content in cement and thereby reduces the chloride binding ability. On the other hand, for AL, the higher C 3 A content caused an increase in the chloride binding ability.
The ratios of AS to WS chlorides are shown in Fig.9 at the different depths of the specimen. It is found that the chloride binding ability of concrete at the outer region of the specimen made with AL is much higher than the other investigated cements. It indirectly indicates that concrete at the outer region of the specimen made with AL is more intact than the others. Generally, it is known that with the presence of sulfate, carbonation of concrete, or leaching of calcium from concrete (Mehta 1991) . More chloride or more bound chloride at the outer region supports the view that the outer crust of the specimens for AL is relatively sound compared to the others.
Irrespective of the cases, the chloride level at the inner region of the specimens (even at 70 mm of cover concrete) exceeds the chloride threshold level defined at 0.4% of cement mass. It indicates that the possibility of corrosion of steel bars was high in all cases. A certain possibility of corrosion is found for OPC, HES, and MH cases irrespective of the cover depths. It indicates that by utilizing these cements, the chloride ingress cannot be limited to prevent corrosion of steel bars for a design period of around 30 years or less.
The chloride profiles for the tidal specimens are shown in Fig.10 . The same trend of results is observed as in the submerged zone. For the comparison of chloride profile in the submerged and tidal exposures, the acid soluble chloride profiles are shown in Fig.11 . [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] 2003 Compared to the submerged exposure, a slight reduction in chloride ingress is found in the tidal exposure. Acid soluble chloride profiles in concrete under tidal exposure also follow the same trend explained before for the submerged zone. Based on the above-mentioned results, chloride ingress in concrete is sequenced as OPC, HES, MH > SCB > AL. Chloride binding ability is sequenced as AL>OPC, HES, MH>SCB.
Electrochemical evaluation of corrosion
Electrochemical evaluation of corrosion of steel bars in concrete includes half-cell potential, concrete resistance, and micro-cell current density on the steel bars, anodic polarization curves of the steel bars, and oxygen flux through the cover concrete. These data are explained separately.
Half-cell potentials (versus Ag/AgCl), concrete resistance, and micro-cell corrosion current density on the steel bars embedded at cover concrete of 20, 40, and 70 mm are shown in Fig.12 . It is found that half-cell potential exceeds the threshold potential -230 mV (versus Ag/AgCl) in most of the cases except for the 70 mm cover depth for SCB-0-T and 40 and 70 mm cover depths for AL-0-S. Although, the corroded areas on the steel bars are explained later, it was found that the halfcell potential does not necessarily represent the condition of the steel bars inside concrete. Very little or no corrosion was found on the steel bars for SCB. Less corroded area was also observed for the case of AL mixed with seawater. These data are explained later.
The resistivity of the cover concrete for the steel bars embedded at 20, 40, and 70 mm of cover depth are shown in Fig.12 . It is found that concrete resistance is very low for OPC, HES, and MH compared to AL and SCB. Highest concrete resistance is observed for AL mixed with seawater. This case also shows the highest compressive strength after 20 years of exposure (Fukute and Hamada 1993) . It is important to note that after splitting open the specimens, it was found that the inside surface was dry for SCB and AL, however it was wet for OPC, HES, and MH. The evaporable water contents for the selected cases were measured for quantitative comparison. The evaporable water content in concrete was 3.8% for OPC, HES, and MH, however it was 2.8% for SCB and AL. To measure the evaporable water content, concrete samples were dried at 110oC for a week. It is important to note that concrete resistance is also an indicator representing the corrosion rate in concrete as well as the chloride ingress in concrete. Based on the concrete resistance data, it is understood that the corrosion rate in concrete with SCB and AL will be much lower compared to the others. The extraordinarily high concrete resistance for the AL mixed with seawater indicates very low corrosion activity on the steel bars for this case. Again, the result indicates that AL mixed with seawater shows good performance compared to the same mixed with tap water.
The micro-cell current density on the steel bars located at the different cover depths is shown in Fig.12 . It is found that the micro-cell current density on the steel bars for OPC, HES, and MH was much higher than for the SCB and AL. Little more corrosion current density was observed for AL mixed with tap water. SCB and AL mixed with seawater show very low corrosion current density, even lower than 0.1 mA/cm 2 , which is defined as the limit of passivity (Andrade and Alonso 2000) . The micro-cell corrosion data show good correlation with the corrosion state of the steel bars. These data are explained later. No remarkable influence of the sulfate content is found.
The anodic polarization curves of the steel bars located at 20 mm of cover concrete are shown in Fig.13 . Here, mixing water was tap water. The curves far from the potential axis indicate less degree of passivity, i.e., more corrosion on the steel bars. No significant difference in corrosion activity is found between OPC, HES, and MH. Less degree of passivity can also be noted for AL compared to the SCB. The same for the seawater mixed cases is shown in Fig.14 . No significant difference between corrosion activity can be noted for OPC, HES, and MH. Interestingly, AL case mixed with seawater shows a better degree of passivity compared to the others. The results indicate that AL mixed with seawater helps to maintain a higher degree of passivity on the steel bars in concrete. Steel-concrete interface with the variation of cement types and mixing water is explained later.
Addition of sulfate with cement reduces the passivity on the steel bars or kept the same grade of passivity as without addition of sulfate. Mixing water does not show any significant influence except the beneficial effect for AL mixed with seawater.
From the anodic polarization curves, current densities at potentials 0.25 V and 0.65 V were determined and are listed in Table 7 . A relatively lower current density was observed for SCB. AL mixed with seawater also shows lower current density. A relatively higher current density was observed under tidal exposure for OPC, MH, and HES. At the deeper cover depths less current density is observed. The passivity grades of the steel bars were evaluated based on the procedure developed by Otsuki et al. (1992) and are listed in Table 7 Anodic current density at 0.2V and 0.6V. Vol. 1, No. 1, 63-75, 2003 sequenced as SCB>AL>OPC, HES, MH. For seawater mixed concrete, the sequence becomes AL>SCB>OPC, HES, MH. The reason for the beneficial effect of AL mixed with seawater is explained later based on the SEM, and porosity data. The oxygen flux data are shown in Fig.15 . It is found that the oxygen flux through the cover concrete for OPC, HES, and MH is much higher than SCB and AL. In the case of AL and SCB, inherently denser microstructure as well as the improvement of microstructure due to the on-going exposure reduces the oxygen permeability significantly. The data related to the microstructure are reported later.
Physical evaluations of corrosion
Corroded areas on the steel bars at different cover depths are shown in Fig.16 . A less corroded area is observed for SCB. Tidal cases shows relatively more corroded area. Interestingly, it can be noted that for AL-0-S (AL mixed with seawater), the corroded area is much less compared to the AL-0-T (AL mixed with tap water). A more corroded area for the case AL-0-T is also observed under tidal environment due to the presence of voids at the steel-concrete interface caused by the change of hydration products from CAH 10 to C 3 AH 6 . SEM micrographs of the steel-concrete interface are explained later. A small quantity of chloride may cause corrosion on the steel bars due to the presence of voids at the steelconcrete interface. This matter was investigated separately and the results can be obtained in some recently published papers (Mohammed et al. 2002d , Mohammed et al. 2000 , Mohammed et al. 1999 . Even though the corroded area for AL-0-T was higher it shows a better degree of passivity compared to the OPC, HES, and MH as explained earlier. Perhaps the corrosion rate for AL-0-T is controlled due to the lower chloride ingress as well as lower oxygen permeability, and also higher concrete resistance. In order to clarify the reason for having a lower corroded area and also better degree of passivity for AL-0-S, further investigation on the microstructure was carried out and explained later. No significant influence on the sulfate content as well as mixing water is found. A tendency of having a less corroded area is found in most of the cases at the deeper cover depths.
Microstructure of hydrated matrix
Mean pore diameter versus cumulative pore volume and mean pore diameter versus pore volume of the mortar portion at the different depths of the specimen are shown in Fig.17 . It is found that compared to the inner region the pore volume at the outer region is lower for AL and SCB. For OPC and HES, a slight increase in pore volume at the outer region is found compared to the inner regions. For slag cement, the pore volume associated with pore diameter 100 to 5000 nm decreases at depths of 5 to 15 and 35 to 45 mm compared to the depth at 65 to 75 mm. For alumina cement, the pore volume associated with pore diameters 20 to 2000 nm decreases at the outer region. Most of the reduction in pore volume occurs for pore diameters 300 to 1000 nm. The reduction was much higher near the surface region. Generally, the capillary pore diameter is defined in the range of 10 to 1000 nm, which governs the chloride ingress in concrete (Mehta 1991) . The reduction in capillary pore space at the outer region reduces the chloride ingress in concrete for SCB and AL. Interestingly, it can be noted that for AL mixed with tap water, the inner region becomes relatively porous compared to the same of the other cases. The pore volume related to the pore diameter less than 1000 nm increases significantly. However, the chloride ingress, oxygen permeability, etc. are controlled due to the presence of a denser outer crust. The porous microstructure at the inner region for AL mixed with tap water is explained due to the phase transformation of the hydration products from CAH10 to C 3 AH 6 , which results in the release of the water and thereby increasing porosity. This transformation of hydration phases of AL is reported by Taylor (1997) .
Mean pore diameter versus cumulative pore volume for AL mixed with tap water (AL-0-T) and AL mixed with seawater (AL-0-S) is shown in Fig.18 . Interestingly, it is found that no significant increase in pore volume is observed for AL-0-S at the inner region of the specimen. Higher concrete resistance, less corrosion on the steel bars, and higher compressive strength, etc., for AL mixed with seawater is explained for this reason. Therefore, it is understood that for AL mixed with seawater, the transformation of the hydration phase from CAH 10 to C3AH6 has not occurred. The absence of C 3 AH 6 is also confirmed by the XRD analysis. These data were not included here due to the limited space.
Mapping of sulfate, chloride, and magnesium ions in concrete from the outer to the inner region of the specimens was also carried out by EPMA. It was found that sulfate and magnesium ions are just concentrated at the surface region, however chlorides are diffused to the inner regions. These data are not summarized separately and not yet published. The same results were also observed in a separate study of Mohammed et al. (2002b) . In this case, the specimens were investigated after 15 years of marine exposure.
The SEM micrographs at the outer region for OPC, SCB, and AL (mixed with tap water and seawater) cases are shown in Fig.19 . It is clearly observed that the outer region of the specimens made with AL is very dense compared to the others. No significant deterioration of the hardened matrix was also observed for the other cases. The results indicated that seawater is not generally harmful for the deterioration of the hardened matrix. On the other hand, it helps to improve the microstructure of concrete at the outer region of the specimens especially for SCB and AL. (Fig. 21) . The voids are generally created surrounding the steel bars due to the wall effect, i.e., packing of the cement grains around the steel bars (RILEM 1996) . It was found that after a long-term of exposure in the seawater these voids almost disappear irrespective of the cases investigated here due to the deposition of ettringite, Friedel's salt, and monosulfate (Fig. 20) . It is also found that for AL-0-S, the split open surface surrounding the steel bars is denser than the AL-0-T. It is perhaps due to the absence of the change in hydration products from C 3 AH 10 to C 3 AH 6 . Steel-concrete interfaces after 15 years of exposure of the specimens made with different cements were also investigated and it was found that micro-voids exist in the steel-concrete interface to some extent after 15 years of exposure (Mohammed et al. 2002c ). However, from this investigation, it was found that the micro-voids were healed significantly after 30 years of exposure. The results indicate that after a long-term of seawater exposure, the steel-concrete interface is improved. 
Steel-matrix interfaces
